]. The simplification is realized through defining a set of orthogonalized localized MOs, which include the polarization effect of the charge densities. The method allows calculating the coupling of both the singlet-to-singlet and triplet-to-triplet energy transfer. Numerical tests are performed for a few of dimers with different intermolecular orientations, and the results demonstrate that Coulomb term are the major contribution to the coupling of singletto-singlet energy transfer whereas in the case of triplet-to-triplet energy transfer, the dominant effect is arisen from the intermolecular charge-transfer states. The present application is on the Hartree-Fock level. However, the correlated wavefunctions which are normally expanded in terms of the determinant wavefunctions can be employed in the similar way.
Introduction
Nonradiative excitation energy transfer (EET) from a donor to an acceptor chromophore is a fundamental process in photochemically active systems [1] [2] [3] [4] [5] [6] [7] [8] , such as light-harvesting antenna [2, 3] and the complexes of green photosynthetic bacterium [4, 5] in the natural world. Furthermore, there has been an escalation in the number of diverse and novel synthetic systems that utilize EET. The underlying mechanism of the EET must be well understood in order to allow more accurate and reliable estimation of rates of EET processes in such systems.
During EET between molecules, an excited donor molecule D ⁄ transfers its energy to an acceptor A which in turn is promoted into an excited state:
The EET process from the donor to the acceptor was shown to proceed via two alternative routes: one is the so-called Förster mechanism [9] , and another is called Dexter mechanism [10] . The Förster mechanism is identified as nonradiative resonance excitation energy transfer occurring when an excited molecule (D ⁄ ) can transfer its excitation energy to an acceptor (A) molecule over distances much greater than collision diameters. Its electron coupling is expressed as the interaction between transition densities with formally charge distributions:
and Q 2 ð2Þ ¼ jejU A ð2ÞU A Ã ð2Þ, and can be written as a summation of multipole interaction terms (dipole-dipole, dipole-quadrupole, . . .), which can be derived from an expansion of the interaction potential. The Dexter mechanism is called overlap or collision mechanism, occurring when an excited donor molecule (D ⁄ ) and an acceptor molecule (A) are close enough to be in molecular contact. If their electron clouds sufficiently overlap each other, an exciton could diffusively hop from one molecule to the next with no change of spin. The electron coupling for the exchange term represents the interaction of the exchange charge distributions: Q 1 ð1Þ ¼ jejU D exponentially decrease with distance. When the distance between the donor and the acceptor chromophore is very large, Förster mechanism dominates. In this case, the initial state and final state involved in the EET process exclusively interact with one another, so that they can be represented as a linear combination of only two diabatic states. In many cases such as the organic molecule film, however, a given initial diabatic state could be electronically coupled with more than one final state; in addition, a particular adiabatic state could be formed by the superposition of charge-transfer (CT) and locally excited states. Therefore, the application of Förster mechanism can be rather limited. It is well known that when the molecular orbitals (MOs) of the donor and the acceptor overlap, the intermolecular charge-transfer excitons (CTEs), e.g., D i. The first two states can be created optically as they correspond to an electron and a hole on the same monomer. The last two states may not be created optically when the two monomers are too far from each other to couple as the electron and hole are on different monomers. Two types of exciton states entangle to form new basis sets: jFE
Then the electron-hole pair Hamiltonian H in the above new basis sets can be constructed. The dimeric exciton states jWi are obtained by solving the eigenvalue equation HjWi = ESjWi. If the excitation energies of FEs and CTEs are close, the intramolecular and intermolecular excited states mix sufficiently to form mixed excited states of systems, which make the dimeric states possess the characters of both intramolecular and intermolecular excitations. To correctly describe the dimeric mixed states, one has to incorporate the coupling between Frenkel excitons and between FEs and CTEs. The mixing degree between FEs and CTEs, the energy spacing and the order of dark/bright exciton of dimer are determined by the excitation energies of FEs and CTEs and their coupling values as well [11] [12] [13] [14] [15] .
The electronic coupling between the initial and final state is a fundamental quantity that measures the speed of EET processes [1, 16, 17] . The literature on the calculation of the electronic coupling is voluminous [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, most of them are focused on singlet-to-singlet (S-S) energy transfer, wherein energy is exchanged between two molecular moieties that have singlet spin multiplicities. There is a lack of reports on investigating triplet-to-triplet (T-T) energy transfer because of complications resulting from exchanging both energy and spin [20] . A general route to calculate the electronic coupling between the donor and acceptor chromophore has been suggested by Scholes' group [17] , which involves the effect of a given initial diabatic state electronically couples with more than one final state. The electronic coupling for both the S-S and T-T intermolecular energy transfer is expressed as a concise way. In that approach the wavefunctions for each excited and charge-separate localized state were formulated at Hartree-Fock level, a single Slater determinate is constructed with respect to the absolutely localized block molecular orbitals (MOs), which are obtained by solving HF SCF equations for the donor and acceptor molecule, respectively. Since the absolutely localized block MOs between different blocks are non-orthonormal, the overlap matrices between different states appear in the final formula of the electronic coupling.
In this work we greatly follow Scholes et.al.'s formulation on the initial and final states. However, we formulate the equations with respect to a set of localized orthogonalized basis, which leads to a simpler and clearer expression for the electronic coupling of the EET process. A series of detailed numerical tests are performed. Results confirm that the local nature of MOs is the basis of the present method. Subsequent analysis clearly shows the contributions of the Coulombic and orbital-overlap-dependent terms to S-S EET. It is found that in general, it is unwise to consider only the Förster or Dexter mechanism for S-S EET, and the coupling here should be represented as a sum of the Coulombic interaction and several short-range interactions [1, 20] . Earlier studies on the nature of T-T EET have generally been based on the work of Dexter. However, we contend that such a treatment may not be suitable, and effects arisen from the intermolecular CT states must be involved.
The paper is arranged as follows: Section 2 introduces the theoretical approaches for the coupling of excitation energy transfer. Section 3 gives the results and related discussion, and the conclusions are drawn in Section 4.
Theoretical approaches
If two-state model is employed, the coupling of EET can be viewed as effective Hamiltonian obtained by the Löwdin symmetric transformation with the off-diagonal element of the Hamiltonian in diabatic representations
where H fi = hU f jHjU i i, H ii = hU i jHjU i i, H ff = hU f jHjU f i, and S fi = hU f jU i i.
H is the full Hamiltonian of the system. jU i i and jU j i are the wave functions of the initial state and final diabatic states, respectively. Our present application is on Hartree-Fock level. A single Slater determinate wavefunction is adopted for each state. However, due to the fact that the correlated wavefunctions can normally be expanded in terms of determinant wavefunctions, the formulas will be similar. If the orbitals of {u D } do not orthornormalize with the orbitals of {u A } which will, in a naive implementation, result in a computation involving N! calculations of the overlaps between fu D i g and fu A i g. To avoid this calculation, we introduce a set of orthogonalized localized MOs. The Fock matrix of the complex can be expressed in the block form according to the position of the center of atomic orbital basis sets [27] as
, where the subscript ''D'' and ''A'' refer to donor and acceptor, respectively. The coupling will be expressed and calculated in orthogonal basis sets, so the atomic orbital basis sets are converted into orthogonal forms according to the Löwdin transformation [28] :
where ''S'' is the overlap matrix in atomic orbital basis. The properties of the Löwdin transformation can be used to maintain consistency of the function before and after transformation. The Fock matrix is also expressed in the block form in the new orthogonal ba-
It is possible to construct a unitary transfor-
where
AA Þ is a diagonal matrix with elements n that can be viewed as the orbital energy of the donor (acceptor)
On the basis of these propositions, we can define the local molecular orbitals, which will be used to construct the local states.
As will be discussed in the following section, these molecular orbitals are mainly distributed over the donor or acceptor and are mutually orthogonal. Local states, which are vital for coupling calculations, can be constructed using these molecular orbitals.
To construct the initial and final states of a general EET process, four-type of states corresponding to the intramolecular locally excited states and intermolecular CT states of the donor (D) and acceptor (A) are required [19] . These states can be expressed as follows:
If only the populations of HOMO (h) and LUMO (l) are considered to be changed in EET processes, the frozen-core approximation can be adopted. We label the spin HOMO and LUMO orbitals of the donor and acceptor as follows:
then the localized states can be expressed explicitly as
where the superscript ''1'' or ''3'' refers to the singlet or triplet state, and the core orbital has been omitted for the sake of simplicity. The initial and final states of the EET process can be written as the linear combination of those local states [19] :
where N is the normalization coefficient. k, l are the perturbation coefficients that can be determined according to the perturbation theory:
with H ij = hw i jHjw j i The interaction element of EET can be expressed as
For singlet-to-singlet EET, the direct coupling term (H 14 ) in the above equation can be viewed as interaction between two localized excited (LE) states (zero-order), the following four terms are interaction between LE-CT states (first-order). The interaction between CT-CT states (H 23 , second order) has been omitted in our paper. The perturbation is a useful framework and a possible ''complete'' expression of the coupling can be derived from this formula. According to the second-order perturbation theory,
and can be approximated to 1 when the second-order terms are omitted. The coupling of EET can be viewed as the stabilization energy of this interaction system [1] , so the coupling can be defined as follows:
This is the final expression and will be adopted to calculate coupling in the following. The denominators H ii (i = 1 À 4) of the above expression can be calculated directly using Slater-Golden rules [29] . H ij (i -j 2 [1,4]) terms can be written explicitly as outlined in the appendix, where ''h'' represents the core Hamiltonian that includes both the kinetic and the potential energy of the core. In some complex cases, combinations of Slater determinants, with each corresponding to one transition, have to be employed to correctly describe the diabatic states, and their definitions in Eq. (7) have to be rewritten. Then the elements contributing to the total coupling can be obtained according to Slater-Golden rules [29] and the couplings can be calculated according to the same expression. So the key to generalize our method to a multi-determinant situation is how to define the diabatic states with proper combinations of Slater determinants, which may need to be studied in the future work.
In the comparison of the couplings for triplet-to-triplet energy transfer, the CIS energy gap method [20] and ''fragment spin difference'' scheme [30] proposed by Hsu are employed. The former takes half of the energy gap between the lowest two adiabatic triplet excited states as the coupling strength, while the latter uses the spin population difference to calculate the coupling regardless of the symmetry. In the following text, we will refer to these two methods as simply CIS energy gap and FSD, respectively.
Results and discussion

Localization of molecular orbitals
We incorporate the approach into the locally modified version of the Q-Chem software package [31] . The coupling of EET process depends strongly on the definition of the local states. This definition is also vital to the present method. We therefore plot the frontier MOs of an ethylene dimer before and after the block diagonalization to see whether the MOs constructed by our formula are local in space. The intermolecular distance between the centers of two monomers (face to face) is set to 3.5 Å. Two sets of basis sets 3-21G and 6-311G (d) are adopted. The results are shown in Figs. 1 and 2 , respectively. It can be observed that the canonical molecular orbitals of the dimer spread over the entire dimer, thus indicating the delocalization nature. After reconstructed by the present method, the MOs of two blocks are explicitly localized in space. There is no tail injection into the counterpart of each monomer. However, when the diffuse functions is added to the basis set,e.g., 6-311+G* basis set, the charge distribution of the dimer LUMO orbital is obviously anomalous (see Fig. 3 ), and more diffuse in nature of the monomer LUMO orbitals is observed after block diagonalization. As seen in Figs. 1 and 2 , the virtual orbitals employed in our method should be p ⁄ orbitals. The lowest p ⁄ virtual orbitals before and after block diagonalization are also shown in Fig. 3 , which may be more proper to describe the diabatic states. As will be discussed in Section 3.3, how to pick out proper localized monomer orbitals is important to correctly describe the diabatic states and calculate the couplings.
Singlet-to-singlet energy transfer
Singlet-to-singlet (S-S) energy transfer is a spin-conserving process. The coupling may include the contribution from both the Frenkel excitons and charge transfer excitons. H 14 term is arisen from the mixing of intramolecular singlet excitation. Due to the local excitation, charges in the monomers redistribute, and the transition densities of two monomers interact. 2ha 0 bj ab 0 i in H 14 refers to the direct Coulomb interaction of the transition density related to the local excited state of the donor or acceptor. Over long ranges, this term can be simplified using a central multipole expansion, and thus the interaction between transition dipole moments can be obtained [32] . It is noteworthy that this term contributes only to S-S EET. Another term Àha 0 bjb 0 ai in H 14 represents the Dexter exchange interaction, which is related with the overlap of the initial and final states of EET, and contributes to the coupling mainly over short ranges. At long ranges, this term can be omitted. Apart from H 14 term, other terms arisen from the mixing between intramolecular local excitations and CT states contribute to the total coupling as well. Like the Dexter exchange interaction, these terms are significant mainly over short ranges. This analysis is verified by our calculation.
In Fig. 4 , we plot the total coupling and the value only from H 14 term. When the intermolecular distance between the ethylene monomers exceeds 5.0 Å, the total coupling approximately equals to the value of H 14 . It indicates that the contribution from the intermolecular CT states can be neglected and the total coupling mainly comes from the mixing between the intramolecular local excitations. Within the range of less than 5 Å, couplings have other contributors besides Coulombic interaction, which is shown by the deviation between the values of H 14 and the total coupling. As the intermolecular distance becomes short, the contribution from the CT states is more than the half of the total value. The total coupling decreases more rapidly than the Coulombic interaction as the intermolecular distance increases, indicating that contributions from CT states only play a role at the short distance and decay to zero more drastically than Coulombic interaction. The basis set effects on the coupling values are checked. Basis sets have small influence on H 14 , but the total coupling is more sensitive to the basis sets when the distance is less than 4.0 Å. The CT states are formed mainly due to the overlap of intermolecular MOs, which much depends on the utilized basis set. Terms from the CT states and thus the total coupling will differ more with different basis sets over small ranges.
For singlet-to-singlet EET, the first term of Eq. (11) (H 14 ) can be viewed as Coulomb coupling. When the intermolecular distance between monomers are large, Taylor series expansion can be used, and the dipole-dipole coupling will be obtained. As shown in Fig. 4 , the comparison between dipole-dipole coupling and H 14 shows that these two methods give the same exponential attenuation factors. The disparity between dipole-dipole coupling and H 14 may be attributed to four reasons. The first two come from the polarization effect and Dexter exchange effect [33] : the transition dipoles localized at A but computed in the presence of B are higher than transition dipoles computed without the presence of B; the Dexter part which is taken into account by our method contributes to H 14 with the opposite sign of the Coulomb part. The other two reasons are the overlap effect and the effect stemming from the contributions of CT configuration [17, 34] , which are taken into account by our method but not by dipole-dipole approximation.
In Scholes' work [17, 19] , ethylene dimers are also adopted as example. Here STO-6G is utilized as the basis set. With their method, the S-S couplings of the face-to-face ethylene dimers with intermolecular distance 4 Å, 5 Å and 6 Å, are 0.2796 eV, 0.122 eV and 0.06869 eV, respectively. The corresponding values with our method are 0.2670 eV, 0.1204 eV and 0.06817 eV, respectively. While for the head-to-tail oriented ethylene dimer with intermolecular distance 5 Å, the S-S couplings by Scholes' and our method are 0.22202 eV and 0.22409 eV, respectively. Detailed analysis shows that in both the two methods, the H 14 term (T 14 in Scholes' method) contributes dominantly to the total coupling.
Triplet-to-triplet energy transfer
In contrast to S-S EET, T-T EET is spin-forbidden; the corresponding transition dipole moments of the two monomers are both equal to zero. The alternation of the coupling versus the intermolecular distance of ethylene dimer in face-to-face orientations is shown in Fig. 5 .
An important point to note is that the magnitude of the coupling of triplet-to-triplet EET is considerably less than that of S-S EET. Over all distance ranges, there is an obvious disparity between the magnitudes of the Dexter exchange term (H 14 ) and the total coupling. Therefore, Dexter exchange is not the main contributor to the coupling of T-T EET. The coupling value has a comparative value in the range 3.5-4.5 Å. When the distance further increases, the coupling decreases drastically. The coupling of T-T EET is more sensitive to the basis sets than S-S EET. 3. The fact that H 14 contributes little to the total T-T coupling implies a large CT contribution (labeled as H CT here). To understand whether this is due to the different MOs employed in our calculations, we compared the Dexter exchange integral Z and H CT with those by Scholes' method [17, 19] . Here H CT refers to the sum of the terms excluding H 14 (our method) or T 14 (Scholes' method), and the results are listed in Table 1 . The face-to-face oriented ethylene dimers with three intermolecular distances are the same as in Scholes' paper, and the basis set is STO-6G. The orbitals employed in Scholes' method is just ''localized'' molecular orbitals obtained by calculating one molecule at a time. As can be seen, the Dexter exchange integrals are of the same magnitude with these two sets of ''local'' MOs. Besides, both our method and Scholes' method demonstrate the contribution of CT terms is much larger than that of the Dexter exchange integral. Therefore, the CT correction is both essential with these two kinds of ''local'' MOs.
In order to confirm the validity of our method, we compare our results for T-T EET coupling with the data gained by CIS energy gap [20] . The results are shown in Fig. 6 . It can be seen that our results are consistent with theirs over the entire range of distances. The magnitude obtained by our method is larger than that obtained by CIS energy gap. The reason may be that the theoretical frameworks are different: our method gives a direct definition of the diabatic states while the CIS energy gap method considers the diabatic states as linear combinations of two adiabatic eigenstates. This magnitude difference has also been demonstrated elsewhere [33, 34] . It should be noted that when the 6-311+G* basis set is adopted to calculate the coupling, the decreasing rate is much different from that of CIS energy gap. This may be due to two reasons. First, CIS calculations with non-diffusive basis sets indicate that the first two triplet excitations are mainly from transitions among four dimer orbitals, which can be seen as linear combinations of the HOMO or LUMO orbitals of the two monomers. This is consistent with our assumption that the diabatic states can be constructed with the two HOMO and two LUMO monomer orbitals. However, cases with diffusive basis sets violate this assumption, as CIS calculations indicate that much more dimer orbitals are involved in the excitations. Second, as discussed in Section 3.1, the localized monomer orbitals after block diagonalization should be p or p ⁄ in nature, and one has to be careful to pick out these orbitals to correctly define the diabatic states. Thus with diffusive basis sets, the excitations become much more complex, and how to expand our method to this case needs to be further studied in the future work.
Only symmetric ethylene dimers are employed above as example to confirm the validity of our method, and asymmetric dimers will be included in the following. These dimers are calculated with our method and FSD, which may be more accurate than CIS energy gap in asymmetric case. As has been pointed out by Hsu et al. [20] , the exponential decay of the T-T coupling depends on the details of the molecular contacts [20] . Therefore, we first test to see whether our method give the same conclusion. Distance dependence of the T-T coupling is given in Fig. 7 with A, B and C corresponding to the three different arranged hexatriene stacked pairs as in Fig. 7 of Ref. [20] . When the hexatriene molecules are fully stacked (Fig. 7A) , the T-T coupling strengths are very similar to the case of ethylene dimer in face-to-face orientations (Fig. 5) , which indicates that the coupling strengths are independent of the molecules size in the full-stacked configurations [20] . On the other hand, in the partially stacked configuration (Fig. 7B and C) , the coupling strengths become much smaller. In addition, the two different partially configurations give different coupling strengths and exponential attenuation rates, and the coupling decays more quickly for configuration C, which indicates that the T-T coupling depends on the fraction of the direct contacting region with respect to the whole molecule size.
The orientation of the dimer is also a factor which determines the coupling strengths of T-T EET. Coupling for a pair of side-byside ethylenes as shown in Fig. 9 of Ref. [20] is also calculated with our method. As shown in Fig. 8 , the coupling strength becomes much smaller and attenuates more quickly compared with the face-to-face case in Fig. 5 . This also indicates that the relative contact area (H-H contact and face-to-face contact) is a vital factor determining the coupling of T-T EET, which is consistent with the conclusion in Ref. [20] .
For comparison, the results with CIS energy gap or FSD are also included in these figures, and our results are consistent with theirs over the entire range of distances, and the small disparity may originate from the different theoretical framework adopted in our method. Therefore, we can conclude that our method can be used to calculate the coupling of T-T EET in a simple and proper way.
Conclusions
We have developed a model to calculate the coupling of both the S-S and T-T EET process in a simple and proper way. The contribution from CT states is incorporated. Therefore the current method is suitable for all the range of the intermolecular distance. In the case of S-S EET, Coulombic interaction has been shown to be the major contributor over long ranges. An additional contribution is observed when the donor is closer in space to the acceptor. In the case of T-T EET, it is found that the Dexter exchange is not the major contributor. Another term induced by CT states is the overwhelming contributor in this transfer process.
Fleming et al. [35, 36] calculated coupling in the TDDFT framework; however, their formula can only be used in the case of S-S EET. Scholes [19] formulated an identical problem in non-orthogonal basis. By contrast, we solved this problem in orthogonal basis, leading to a simpler and clearer expression to calculate the coupling of the EET process. Our method is also useful when the donor and acceptor parts are different.
In some complex cases, e.g., when the diffusive basis sets are utilized, the excitations may involve more orbitals and are much more complex. Proper orbitals and the corresponding transitions among these orbitals have to be carefully picked out to correctly calculate the coupling, which is the key to expand our method to these cases and needs to be further studied in the future.
